Abstract-While progress has been made in developing engineering solutions and understanding light-and elevated temperatureinduced degradation (LeTID) in p-type multicrystalline silicon (mc-Si), open questions remain regarding the root cause of LeTID. Previously, lifetime spectroscopy of multicrystalline silicon (mc-Si) passivated emitter and rear cell semifabricates in the unaffected and the degraded states enabled identification of the effective recombination parameters of the responsible defect. To gain further insight into the root cause of LeTID, in this paper, we measure the injection-dependent lifetime throughout degradation and regeneration and perform lifetime spectroscopy at several time points. Our analysis indicates that the change in lifetime during most of the process can be described by a corresponding change in the concentration of a single responsible defect. We also explore further exposure to light and temperature after nearly complete regeneration and a subsequent dark anneal to demonstrate that the behavior is no longer consistent with LeTID and the same defect is not detected by lifetime spectroscopy at maximum degradation. We consider our results in the context of the proposed hypotheses for LeTID and conclude that both hydrogenation and precipitate dissolution during firing are consistent with our results.
I. INTRODUCTION

E
NABLING high efficiency solar cells and manufacturing processes that require low capital expenditure (capex) are two goals that must be achieved to meet the aggressive challenge of 7-10 TW installed photovoltaic (PV) capacity by 2030 [1] . Integrating multicrystalline silicon (mc-Si) into passivated The authors are with the Massachusetts Institute of Technology, Cambridge, MA 02139 USA (e-mail: jensenma@alum.mit.edu; aemorish@alum.mit.edu; jasmin.hofstetter@gmx.de; davidbn@alum.mit.edu; buonassisi@mit.edu).
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Digital Object Identifier 10.1109/JPHOTOV. 2017.2695496 emitter and rear cell (PERC) architectures represents a significant efficiency gain over standard architectures for this relatively low capex material [2] , [3] . Light-and elevated temperature-induced degradation (LeTID, otherwise known as carrier-induced degradation), a phenomenon not predicted by crystalline silicon PV experts, can cause about 10% relative efficiency degradation in PERC solar cells within the first months of operation [4] . In the field, this degradation can take many years to recover, possibly surpassing the warranty period of the module [4] , [5] . This represents a significant loss to installed system energy yield over time.
Mitigation strategies for LeTID have been suggested and tested, with varying success and with further research required, including studying the stability over the lifetime of the module [6] , [7] . The published strategies include lower peak metallization firing temperature [7] - [9] , changes to firing profile (slower ramp rates) [10] , accelerated degradation and accelerated degradation in combination with additional firing [6] , [7] , [11] , design of high-temperature steps to control impurity distributions [12] , [13] , and changing starting material quality or source [9] , [14] .
However, uncertainty about the root cause of LeTID impedes progress in development of robust engineering solutions. For example, Chan et al. [7] propose a solution that combines a second firing step and accelerated degradation that may require processspecific and/or material-specific optimization. Pinpointing the root cause is critical to defining the solution parameter space and thus developing solutions that maximize device efficiency.
A series of observations has provided evidence about the nature of LeTID. First, several authors have noted that degradation is enhanced in PERC compared to aluminum back surface field (Al-BSF) [13] - [16] . The rate and extent of degradation further depend on the level of carrier injection, modulated by the mode of operation (e.g., V OC , J SC , or maximum power point (MPP)), temperature, and illumination intensity [4] . More degradation is observed with higher peak metallization firing temperature [7] - [9] , and little to no degradation is observed when the sample is fired without a passivation layer [17] . Regeneration, an increase in lifetime, is observed after degradation under continued exposure to light and heat, but the regeneration of lifetime samples may occur on a slower time scale than the regeneration of solar cells [4] . Similar to degradation, the rate and extent of regeneration depend on the solar cell processing conditions [12] . A dark anneal at 200°C (and possibly higher), which is performed when the sample is in a degraded state, can return the sample to a state comparable to the initial state-with regained efficiency and lifetime [9] , [11] , [16] . The sample can then be redegraded to a similar extent. A similar response has been observed for degraded samples subjected to 1-sun illumination at room temperature [5] . Dark annealing performed in the undegraded state has been found to change the rate and extent of degradation [18] . The degradation behavior after regeneration and a subsequent dark anneal or room temperature illumination is presently unknown.
While there is still some speculation about the role of surface passivation in LeTID [15] - [17] , evidence presented in the literature points to a strong bulk contribution. First, the presence or the absence of degradation depends on the growth method, and degradation is not observed in all mc-Si ingots to the same degree [9] , [14] . Second, a distinct injection-dependent lifetime signature can be observed on PERC semifabricates and "lifetime samples" (symmetric passivation) in the degraded state compared to the initial state [4] , [9] , [19] . Finally, the degradation appears to occur over the entire wafer (with a consistent spatially averaged photoconductance lifetime signature) [8] , [9] , [15] , [20] . However, both degradation and regeneration have been hypothesized to start locally and gradually spread across the wafer [10] , [12] , [20] .
Some investigations into the identity of the bulk defect responsible for LeTID have eliminated possibilities and suggested other candidates. The boron-oxygen (B-O) defect was an early candidate due its similarity with LeTID; targeted experiments with gallium (Ga)-doped wafers [14] and wafers with varying interstitial oxygen concentration [4] ruled out B-O as the root cause. Furthermore, many experiments also included a Czochralski (Cz) wafer affected by B-O [14] - [16] . Under typical degradation conditions (≈ 0.3 sun at 70°C), the mc-Si wafers degrade on a much longer timescale (hundreds of hours), while the Cz wafers degrade within tens and fully regenerate within hundreds of hours. Iron-boron (Fe-B) pairing was also suspected due to the sensitivity of this reaction to light and/or temperature [21] . While the kinetics of Fe pairing with other acceptors such as Ga are still being explored, the observation of LeTID in Ga-doped wafers suggests that Fe-B pairs are not responsible [14] . Careful experiments conducted by Fertig et al. [16] to control the state of Fe-B pairs during the experiment proved that Fe-B is not the cause of LeTID.
Temperature-and injection-dependent lifetime spectroscopy investigations in the degraded state suggest a bulk defect with an electron-to-hole capture cross-section ratio (hereafter referred to as k, or the k-value) between 26 and 36 (calculated at midgap) and an energy level most likely between 0.3 and 0.7 eV above the valence band edge [9] , [19] , [22] . Among the characterized impurities in silicon, these values are most consistent with molybdenum (Mo), tungsten (W), and titanium (Ti), and these elements have all been found above the detection limit of inductively coupled plasma mass spectrometry in as-grown material affected by LeTID [8] . However, a defect that has not yet been characterized by deep level transient spectroscopy (DLTS) or lifetime spectroscopy cannot be ruled out [9] , [22] .
Several models have been presented for LeTID [8] , [9] , [12] , but the current experimental evidence does not enable us to definitively confirm or disprove these hypotheses. In this paper, we present analysis of the LeTID defect formation during both degradation and regeneration. Assuming that recombination due to the LeTID defect can be described by Shockley-Read-Hall (SRH) statistics, we employ injection level-dependent lifetime spectroscopy as a function of time to study the evolution of the defect during exposure to light and elevated temperature. We find that significant portions of both degradation and regeneration can be described by a single defect that increases and then decreases in concentration as degradation and regeneration proceed, respectively. After a 200°C dark anneal after the sample has reached a regenerated state, the degradation and regeneration behaviors are not consistent with LeTID and the same defect is no longer detectable by lifetime spectroscopy. Finally, we consider the proposed models within the context of our experimental results and suggest next steps for pinpointing the root cause of LeTID.
II. METHODS: INJECTION-DEPENDENT LIFETIME SPECTROSCOPY
The samples used in this study were taken from the same wafers as those described in [9] and [22] . Two nearly adjacent p-type mc-Si wafers, grown by directional solidification with resistivity 1.6 Ω·cm and thickness 175 μm, were processed as PERC semifabricates with front side silicon nitride (SiN x ) passivated emitter and rear side oxide/SiN x stack. The wafers were fired separately without metal at peak setpoint temperatures of 750°C and 950°C (actual sample temperatures were approximately 100°C lower [9] ). The samples were chemically stripped of all dielectric layers and emitter using a 15:5:2 solution of nitric:acetic:hydrofluoric acids, and then passivated with an aluminum oxide (AlO y )/SiN x stack deposited by atomic layer deposition at 200°C and plasma-enhanced chemical vapor deposition at 300°C. After the depositions, the samples were annealed at 350°C for 10 min in a N 2 ambient to activate the AlO y passivation layer. To ensure the sample starting state was as representative of the predegradation state as possible, the samples were annealed in the dark for 10 min at 200°C just before degradation. A p-type float-zone (FZ) wafer with the same passivating stack, which did not undergo the initial steps of PERC semifabricate formation and chemical stripping, served as the control sample for the experiment. The FZ sample was subjected to the same dark annealing treatment prior to degradation. Fig. 1 shows a schematic of the degradation experiment. The samples were degraded at 70-80°C under 0.4-0.5 sun illumination from a halogen lamp. After >1500 h of exposure to light and elevated temperature, the samples were subjected to a second dark anneal (200°C, 10 min) and subsequent degradation. A K-type thermocouple was used to monitor the sample temperature, and the light intensity was calibrated at different points throughout the degradation with a silicon reference cell. Lifetime was measured with the Sinton Instruments WCT-120.
The injection-dependent lifetime measurements were analyzed for the dominant defect parameters as described in [22] and [23] . The defect-related SRH lifetime is calculated as a function of injection level (Δn) by the inverse harmonic Fig. 1 . Schematic of experimental procedure for the samples considered in this study. Lifetime measurements were performed incrementally as samples were exposed to LeTID treatment conditions, i.e., light (0.4-0.5 sun) and heat (70-80°C), to cause degradation and regeneration, followed by a dark anneal and subsequent redegradation.
difference between the measured lifetime and the starting ("0 s") lifetime:
This approach assumes that other recombination mechanisms, including Auger, radiative, and surface, are the same in both states and therefore avoids errors associated with explicit calculation of contributing recombination rates, while introducing the possibility of errors associated with changes in these rates (e.g., surface passivation degradation). While surface passivation degradation has been observed for FZ samples passivated by dielectrics and subjected to high temperature firing steps [24] , Nakayashiki et al. measured similar lifetimes for mc-Si samples in the degraded state with fired dielectric layers and with HF passivation after chemically stripping those layers [9] . Therefore, surface passivation degradation is an unlikely explanation for the change in lifetime analyzed herein. When calculated at a single, low injection level, the harmonic difference is referred to as the effective defect concentration, often represented as Nt * . While many authors have studied N * t during LeTID [10] , [20] , the injection-dependence of the inverse harmonic difference provides valuable additional information about how the defect changes.
The injection-dependent SRH lifetime is then linearized by normalizing the excess carrier density to the majority carrier population, and fit for two noninteracting defects. For the dominant defect (lowest lifetime in a target injection range), the k-value and the SRH electron-capture time constant (τ n 0 ) are calculated as functions of the defect level within the bandgap, relative to the valence band edge [25] . Plots of these values versus energy level (see Figs. 3 and 5) represent the possible parameter space for the defect in terms of energy level, capture cross-sections, and concentration. Further details regarding the linearization method and defect parameter extraction can be found in [22] and [23] . III. RESULTS: LIFETIME SPECTROSCOPY THROUGHOUT DEGRADATION AND REGENERATION Fig. 2 shows the lifetime at an injection level equal to 8 × 10 14 cm −3 , normalized to the initial value measured at t = 0 s, as a function of time exposed to light and elevated temperature for the sample fired at 750°C, the sample fired at 950°C, and the FZ control. The degradation rate is significantly affected by the peak firing temperature, as observed previously [7] - [10] . The sample fired at 750°C degrades at a similar rate to the FZ sample, indicating that this slow degradation may be related to the surface or to handling rather than a bulk effect. Photoluminescence images show scratches from ceramic tweezers. The regeneration phase begins when the lifetime of the 950°C sample starts to increase, corresponding to 380 757 s ( 6 346 min ≈ 106 h). Stars and colors correspond to time points analyzed by lifetime spectroscopy.
Significant changes are observed in the injection-dependent lifetime for the sample fired at 950°C during both degradation [see Fig. 3(a) ] and regeneration [see Fig. 3(b) ]. We assume that these changes are due to a bulk defect and evaluate the SRH lifetime for this sample according to (1) for each new lifetime curve relative to the initial state (τ start = lifetime at t = 0 s, labeled "Initial" in Fig. 3 ). After limiting the injection range to 10 14 − 10 16 cm −3 , two defects are fit [22] . The goodness of fit can be quantified by the average χ 2 over the fit injection range. For degradation, the average χ 2 are 1, 3 × 10 −1 , and 2 × 10
for the first three curves, and below 2 × 10 −3 for the remaining four curves. For regeneration, the average χ 2 are below 1.5 × 10 −2 for all curves. In each state, there is one defect that is dominant (lowest lifetime) throughout the measured injection range and is analyzed for the defect parameters. The secondary defect is consistently a shallow defect with stable defect parameters as degradation and regeneration proceed (data not shown). Because the dominant defect has the lowest lifetime in the measured injection range, it would likely be responsible for low lifetimes under typical operating conditions for a PERC solar cell [26] . Further discussion focuses on the dominant defect.
In earlier work [22] , we calculated a range for k as a function of E t for the fully degraded state on samples taken from the same wafers as those studied herein. This range was determined according to the sensitivity of the calculation to errors in measured injection level and lifetime, and to uncertainty in surface recombination. The previously calculated values for k are indicated in Fig. 3 (center column) with a solid gray area bounded by the minimum and maximum calculated values. At midgap, the estimated error is k [+18%, -10%]. Although the method of calculating the SRH lifetime is different in this work, the estimated error in k was primarily determined by changes in injection dependence, which could be induced by experimental error when executing (1) .
To quantitatively evaluate the consistency of the E t -k curves, minimum and maximum bounds are calculated for each new curve according to this estimated error. The calculated error bounds for each curve at midgap are plotted in Fig. 3(e) . If all or part of the calculated range lies within the range defined by Morishige et al. [22] , we conclude that the measurement describes the same defect as that analyzed in [22] . According to this methodology, the E t -k curves throughout degradation define similar defect parameter spaces, starting at 500 s (≈ 8 min). As degradation begins, up to 100 s (≈ 2 min), the lifetime difference between the initial state and the degraded state is small and we cannot reliably extract and fit the SRH lifetime (average χ 2 ≈ 100). For measurements between 2 and 8 min, the lifetimes can be fit for a dominant defect with E t -k curves similar in shape to those plotted in Fig. 3(a) . However, the E t -k curves at these early times fall outside of the bounds defined by [22] .
Conversely, the regeneration curves fall outside the range of expected measurement error after 2 574 840 s (≈ 42 914 min ≈ 715 h, maroon curve with k ≈ 11.7 at midgap). A trend toward lower k-values at midgap is observed as regeneration proceeds up to 2 733 780 s (≈ 45 563 min ≈ 759 h, k ≈ 2.8 at midgap, not shown), after which, the dominant defect transitions to a shallow defect with average χ 2 values greater than 1. In addition to the uncertainty regarding fits after 759 h, we note that Zuschlag et al. observed a difference in regeneration onset for low and high lifetime areas [12] . Since it is possible that the trend toward lower k-values is due to inhomogeneous regeneration behavior, we focus discussion on the evolution of defects with the same E t -k curves (within error) from the point of maximum degradation. The curves measured up to and including the 646 h measurement satisfy the error requirement and are therefore considered to belong to the same defect. We note that, although the 646 h measurement satisfies the quantitative criteria, the amount of crossover between the calculated range and the original range is small. Fig. 3 (right column) shows τ n 0 (y-axis) as a function of energy level (x-axis). Unlike the k-value, τ n 0 consistently decreases as time proceeds for the degradation phase, and then consistently increases as time proceeds for the regeneration phase (time progression indicated by black arrows). The error in calculating the τ n 0 -value is approximately τ n 0 [+11%, −10%] at midgap (not shown).
IV. DISCUSSION: LIFETIME SPECTROSCOPY THROUGHOUT DEGRADATION AND REGENERATION
The k-value, energy level, and individual capture crosssections define recombination at a particular defect. Thus, similarity (within estimated error) in the calculated E t -k curves suggests that the same defect dominates recombination in the sample at two different times. Differences in the E t -τ n 0 curves can be attributed to changes in the electron capture cross-section, the electron thermal velocity, and/or the defect concentration.
According to the E t -k curves, the defect that appears after at least 8 min of exposure is defined by the same defect pa- rameters as the defect identified during further degradation and subsequent regeneration up to at least 646 h. In this case, the variation in τ n 0 most likely reflects a change in defect concentration. The electron capture cross-section and thermal velocity are considered constant for all calculated curves, and a decreasing τ n 0 corresponds to an increasing defect concentration and vice versa.
The root cause of LeTID is currently unknown; however, based on the defect parameter analysis presented in [22] , three possible candidates are Ti double donor, Mo donor, and W donor. We cannot rule out a defect that has not yet been characterized in terms of k-value, but such a defect should show a similar trend throughout degradation and regeneration given that its k-value does not change. As an example, the defect concentration throughout degradation and regeneration can be calculated using the electron thermal velocity and the reported electron capture cross-sections for the candidate defects (see Fig. 4 ). Because the electron capture cross-sections for Mo and W are similar, they are represented by the same data points. The plotted error bars are derived from the minimum and maximum curves calculated in the sensitivity analysis presented in [22] . The calculated concentrations for Ti, Mo, and W at the point of maximum degradation are comparable to those previously reported in [22] . Fig. 4 demonstrates that the LeTID defect concentration increases during degradation and then decreases once regeneration begins, as expected if the underlying defect remains constant. Since the identity of the LeTID defect has not yet been confirmed, Fig. 4 represents possible defect concentrations during LeTID for candidate defects with similar E t , k, and electron capture cross-section (σ n ) to Ti, Mo, or W. The same analysis can be conducted for other candidate defects if the defect parameters are known.
From this information, we hypothesize that there is at least one defect responsible for LeTID that can be described as a single defect that changes in concentration during the process. However, because we only measure the recombination-active forms of the defect(s) or defect complex(es) using this technique, there may be additional, undetectable defect reactions that are taking place to enable this change in recombination-active defect concentration.
Before 8 min and after 646 h of exposure to light and elevated temperature, the E t -k curves are not within experimental error of the minimum and maximum bounds for the LeTID defect identified in the degraded state. One example of an inconsistent E t -k curve is shown in maroon in Fig. 3(d) (715 h ). In the case of regeneration (lifetimes after 106 h), the change in defect parameters at 715 h may be attributed to the appearance of a different LeTID defect state, to changes in background recombination mechanisms (e.g., changes in surface recombination), and/or to a defect unrelated to LeTID becoming dominant. As an example of the first possibility, the trend toward lower kvalues, mentioned in the previous section, could represent a continuous evolution of the LeTID defect toward a new form (e.g., interstitial, precipitated) or complex (e.g., with hydrogen) during regeneration. This consistent trend toward lower k-values is not observed during degradation. In this case, the k-value would not be constant and it would not be valid to assume that the change in τ n 0 is due solely to a change in concentration, as in Fig. 4 . However, given the experimental error for each E t -k curve, more evidence is required to support this conclusion.
Injection-dependent changes in Auger or radiative recombination are unlikely. The change in injection dependence of the surface component can be evaluated with the FZ control sample. Although the lifetime of the FZ wafer decreases during exposure, the absolute value of the measured lifetime is much higher than that of the mc-Si wafer and the injection-dependence remains the same throughout (data not shown). Changes in surface recombination velocity are, therefore, also unlikely to be responsible for the change in k-value but could generally result in overestimation of the defect concentration. We hypothesize that the defect changes state during the later stages of regeneration and that this new state can be described by a different set of defect parameters.
V. LIFETIME SPECTROSCOPY OF LETID-AFFECTED SI AFTER POSTREGENERATION 200°C DARK ANNEAL
After >1500 h of exposure to light and elevated temperature, the samples reached a stable lifetime that was within 20% of the original, undegraded lifetime and were annealed in the dark at 200°C for 10 min. The second degradation process, conducted after a nearly complete regeneration phase and a subsequent dark anneal, resulted in similar degradation rates, but significantly less degradation, particularly for the sample fired at 950°C [see Fig. 5(a) ]. The lifetime is calculated at an injection level equal to 8 × 10 14 cm −3 , and the lifetimes are normalized to the same initial values as Fig. 1 . The 750°C and FZ samples experienced further degradation that is likely related to the surface layer and/or handling.
Injection-dependent lifetimes were measured during this second degradation. The maximum degradation is achieved in this sample state after only 30 000 s (≈ 500 min ≈ 8.3 h), as shown in Fig. 5(a) . The sample lifetime begins to regenerate at a time point much earlier than that observed in the first degradation. A stable regenerated state (although notably lower than the initial value) is achieved after only 481 845 s (≈ 8031 min ≈ 134 h). To assess whether the defect responsible for this second degradation is the same as that observed in the first degradation, we evaluate the defect parameters at the point of maximum degradation. Extracted from the harmonic difference between injectiondependent lifetimes [see Fig. 5(b) ], the resulting E t -k curve [see Fig. 5 (c)] is inconsistent with previous observations of LeTID in maximum degradation (see Fig. 3 and [9] and [22] ). However, this new E t -k curve is similar (but not within experimental error) to the curve calculated at 715 h during the first experiment [see Fig. 3(b) ]. If these curves represent similar (or the same) defects, one explanation is that the LeTID defect evolves during regeneration into a new form, which is then present and susceptible to degradation after the dark anneal. We can conclude that the regeneration phase studied herein, induced by 0.4-0.5 sun illumination and 70-80°C and described in Sections III and IV, results in a stable state that is not reversed by a 200°C dark anneal and is distinctly different than the original degraded state.
VI. IMPLICATIONS FOR DEGRADATION AND REGENERATION HYPOTHESES
Hydrogen: One leading hypothesis for the root-cause of LeTID, as suggested by several authors, is involvement of hydrogen, either 1) as a detrimental force causing LeTID (e.g., resulting in a recombination-active hydrogen complex that forms during degradation) or 2) as a mobile passivating element (e.g., pairing just after firing with a recombination-active atomic impurity and subsequently "depassivating" that impurity during degradation) [9] , [10] , [12] . The results presented in the previous sections are consistent with both hydrogen hypotheses, given that either the hydrogen complex or atomic impurity has the defect parameters shown in Fig. 3 . We further note that such a hydrogen complex or atomic impurity should be compatible with reported gettering [12] and firing [7] , [8] , [10] , [22] observations.
In the case of the hydrogen complex (1), one possible explanation is that, after firing, a large amount of hydrogen is introduced into the bulk. When exposed to light and elevated temperature, hydrogen then forms increasing concentrations of a recombination-active complex with a uniformly distributed impurity. It is well-known that hydrogen complexing with transitions metals in silicon often does not result in elimination of the defect level (as in full passivation) but, rather, in new defect levels with different capture cross-sections [27] - [36] . Furthermore, DLTS studies of metal-hydrogen complexes, including iron [37] , titanium [34] - [36] , cobalt [28] , nickel [32] , and platinum [30] , have shown that some complexes can be dissociated by annealing at temperatures around 200°C. This behavior is compatible with the results presented herein, assuming that a more stable complex or state forms during the regeneration phase.
In the case of hydrogen passivating an atomic impurity just after firing (2), the atomic impurity may be "depassivated" under exposure to light and elevated temperature, gradually revealing a more recombination-active state. For example, an excess of atomic hydrogen can lead to formation of fully passivated transition metal complexes with multiple hydrogen atoms (e.g., the Ti-H 4 complex [36] ). This complex is predicted to have a low binding energy [35] and can be fully dissociated after annealing at 200-250°C [34] , while dissociation of the single-hydrogen complexes requires temperatures above 300°C [35] , [36] . One theory for the observed LeTID behavior is that, after firing, Ti and H form Ti-H 4 complexes, and degradation conditions supply sufficient energy to dissociate these complexes and reveal recombination-active Ti. During regeneration, the Ti forms recombination-active Ti-H complexes that may be stable to the dark annealing temperature and relatively less recombinationactive than the background defects in the wafer. However, this specific theory may be incompatible with the results presented herein because Ti-H 4 is not expected to reform (i.e., return the sample to its original condition) during a dark anneal from the degraded state. A study of the dark annealing temperature required to return degraded and regenerated wafers to their original states (as in Fig. 2 , if possible), in comparison with DLTS studies of metal-hydrogen complexes, may help to determine the identity of the defect(s) in each state.
For either hydrogen hypothesis, the driving force for a configurational change is likely the change in charge state of hydrogen and/or the impurity atom or complex due to carrier injection [38] - [40] . Titanium, for example, can be an acceptor ( A change in impurity charge state can be achieved by increasing the sample temperature and/or illumination intensity, both conditions known to cause LeTID. Independently increasing either sample temperatures above 70°C [4] or illumination intensities above 0.3 sun [6] has been shown to accelerate degradation and regeneration rates, which may be due to a corresponding change in charge state fractions as described above.
Copper-related complexes: Defect parameters have recently been investigated for light-induced degradation by copper [43] . These defect parameters (k = 1.7 − 2.6 near midgap in the degraded state) are inconsistent with the defect parameters reported herein. We, therefore, conclude that copper alone is not a likely candidate for the root cause of LeTID. Other copperrelated defects, such as copper nanoprecipitates as hypothesized in [9] , are possible.
Precipitate dissolution during firing: Several authors have suggested that LeTID is the result of dissolution of precipitated impurities during the firing step [8] , [10] , [12] . Bredemeier et al. [8] propose a mechanism in which interstitial metal impurities are initially passivated by a homogeneously distributed atom. During degradation, the homogeneously distributed atom changes configuration to reveal a recombination-active atomic impurity that then diffuses to the surface during regeneration. This hypothesis is similar to the hydrogen hypothesis, and the results presented herein are consistent with this hypothesis provided that the dissolved interstitial metal impurity is described by the defect parameters shown in Fig. 3 . This hypothesis is also consistent with the observations after regeneration and a dark anneal (see Fig. 5 ), given the impurity remains at the wafer surface during the dark anneal. The same defect (in this case the dissolved metal impurity) is not observed at the maximum degradation point during the second degradation, implying that it was not available (perhaps bonded at the wafer surface) to participate in LeTID.
To further evaluate these hypotheses, more experiments are needed. The role of hydrogen should be directly investigated. The energy level and k-value of the LeTID defect(s) should be pinpointed using quantitative temperature-and injectiondependent lifetime spectroscopy and/or DLTS. The nature of any non-recombination-active portion of the LeTID defect reaction should also be probed, but this cannot be explored with lifetime spectroscopy.
VII. CONCLUSION
We apply injection-dependent lifetime spectroscopy to study the evolution of recombination-active defects during LeTID in mc-Si. Through this analysis, we demonstrate that a prominent defect appears after 8 min of exposure to 0.4-0.5 sun at 70-80°C, and this defect increases in concentration until the point of maximum degradation. After this point, likely the same defect decreases in concentration until at least 646 h, after which a new defect or defect state may emerge. We also apply lifetime spectroscopy to demonstrate that, after nearly complete regeneration and a subsequent 200°C dark anneal, the sample is no longer susceptible to LeTID. It is possible that the defect(s) reaches an equilibrium state that is distinctly different from the starting state. Finally, we consider the proposed hypotheses for LeTID in the context of our lifetime spectroscopy results. We conclude that hydrogen and precipitate dissolution hypotheses are consistent with our results. We note that, in order to fully describe both degradation and regeneration behaviors, further research is required to probe for any non-recombination-active portions of the LeTID defect(s) and to pinpoint exact defect parameters, and that targeted experiments should be performed to explore the role of hydrogen.
